Our present understanding of the mantle carbon budget is in part built upon measurements of carbon concentrations in olivine hosted melt inclusions. Only a small number of such datasets are thought to have avoided degassing, having been entrapped prior to CO 2 vapour saturation, and are therefore able to constrain primary CO 2 concentrations. The absence of degassing in melt inclusion datasets has been inferred from the presence of strong correlations between CO 2 and trace elements. In this contribution, we demonstrate that partial degassing followed by magma mixing not only retains such positive correlations, but can enhance them. Simple models of magma mixing and degassing are used to characterise how CO 2 -trace element systematics respond to CO 2 vapour saturation in primary mantle melts entering the crust, followed by magma mixing. Positive correlations are expected between CO 2 and most trace elements, and the average CO 2 /Ba and CO 2 /Nb ratios are controlled by the pressure of magma storage, rather than the CO 2 concentration in the mantle. We find that the best estimates of mantle CO 2 are the maximum CO 2 /Ba ratios observed in melt inclusion datasets, though a large number of analyses are required to adequately characterise the maximum of the CO 2 /Ba distribution. Using the mixing and degassing models we estimate the number of analyses required to obtain a maximum CO 2 /Ba observation within 10% of the mantle value. In light of our results, we reassess existing melt inclusion datasets, and find they exhibit systematics associated with partial degassing and mixing. We argue that all the data presently available is consistent with a depleted mantle CO 2 /Ba ratio of ∼140, and there is as yet no evidence for heterogeneity in the CO 2 /Ba ratio of the depleted mantle.
Introduction
The mantle is the largest reservoir by mass in the Earth and through volcanism and subduction remains in continual chemical communication with Earth's atmosphere and oceans. Carbon is a key element in this cycle, providing thermostatic control on Earth's climate via silicate weathering and carbonate subduction (Walker et al., 1981; Hayes and Waldbauer, 2006) . Though the concentration of carbon in Earth's mantle is thought to be low (≤300 ppm; Javoy and Pineau, 1991; Saal et al., 2002; Cartigny et al., 2008; Michael and Graham, 2015; Le Voyer et al., 2017) , the mantle carbon budget may greatly exceed that in any other Fig. 1 . Compilation of published data used for estimating mantle CO 2 /Ba and CO 2 /Nb ratios. The data are separated into datasets that show a correlation between CO 2 and trace elements (and have therefore been identified as undegassed on that basis), datasets that show no such correlation (and so have been inferred to be partially degassed), and datasets where the CO 2 concentration has been reconstructed from Cl concentrations or C-isotope fractionation. Green points indicate data obtained from glasses, cyan points indicate data obtained from plagioclase hosted melt inclusions, and green indicates data obtained from olivine hosted melt inclusions. Bars indicate unpublished data reported by Rosenthal et al. (2015) . Data sources: Borgarhraun (Northern Iceland): unpublished data from Hauri et al., reported by Rosenthal et al. (2015) ; Equatorial Atlantic: Le Voyer et al. (2017) ; Siqueiros: Saal et al. (2002) , unpublished Ba data from Saal et al. reported by Rosenthal et al. (2015) ; MORB (undersaturated) glasses: Michael and Graham (2015) , Shimizu et al. (2016) ; Axial Seamount: Helo et al. (2011) ; Gakkel Ridge: Shaw et al. (2010) , Wanless et al. (2014) ; Macquarie Island: Shimizu et al. (2016) ; N. Atlantic: Cartigny et al. (2008) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 250 mol yr −1 (Craig et al., 1975) . If the mid ocean ridge 3 He flux is substantially lower, as suggested by Bianchi et al. (2010) , the same CO 2 / 3 He ratio would imply a depleted mantle CO 2 content of ∼96 ppm. Primary CO 2 concentrations in basaltic glasses have been inferred by numerous methods: by correcting for degassing using C isotope fractionation (Cartigny et al., 2008) ; by using Cl concentrations as a proxy for CO 2 concentrations (Shimizu et al., 2016) ; by using maximum values of CO 2 /Nb ratios in partially degassed datasets (Shaw et al., 2010; Helo et al., 2011; Wanless et al., 2014) ; and by looking at the covariation of CO 2 with Nb or Ba in undegassed suites Saal et al., 2002; Michael and Graham, 2015; Shimizu et al., 2016; Le Voyer et al., 2017) . It is this final observational approach that we focus on in this contribution, since undegassed melts provide the most direct constraint on mantle CO 2 concentrations and their CO 2 -trace element systematics can additionally provide a probe of the redox state of mantle carbon (Eguchi and Dasgupta, 2017) . Basaltic glasses can preserve undegassed CO 2 either by being entrapped as melt inclusions in growing olivines Saal et al., 2002; Le Voyer et al., 2017) , or by having sufficiently low CO 2 concentrations that they remain undersaturated following eruption (Michael and Graham, 2015; Shimizu et al., 2016) . Mantle CO 2 concentrations inferred from these datasets range from 60-137 ppm. We consider the roles that mixing and degassing may have played in the generation of these glasses, and re-evaluate mantle CO 2 budgets in light of this. In order to understand the effects of concurrent magma mixing and degassing on melt inclusion compositions, we use a statistical mixing model combined with simple models for mantle melting and CO 2 saturation (Section 2). This mixing-degassing model is used to understand the general behaviour of CO 2 -trace element systematics in Section 3. The implications of these models for the CO 2 budget and the presence of CO 2 heterogeneity in the depleted mantle are discussed in Section 4.
Comparing CO 2 to lithophile trace elements
The presence of correlations between CO 2 and highly incompatible trace elements in suites of co-genetic CO 2 -undersaturated glasses (Fig. 2) , has become an important empirical basis for inferring the behaviour of CO 2 during mantle melting and degassing. The strong correlation between CO 2 and Nb in such glass datasets underlies the inference of a close correspondence between the behaviour of CO 2 and Nb during mantle melting (Saal et al., 2002) . This interpretation has been nuanced by recent experimental results, that show that CO 2 behaves more incompatibly than Nb, having a bulk mantle-melt partition coefficient closer to that of Ba (Rosenthal et al., 2015) .
During differentiation and crustal processing, the persistence of correlated enrichments and depletions of incompatible trace elements and CO 2 is thought to imply that CO 2 has remained soluble in the melt. Le Voyer et al. (2017) and Saal et al. (2002) identify their melt inclusion suites as being undegassed on this basis. Rosenthal et al. (2015) instead suggest that many of the samples in such co-genetic suites have lost CO 2 , based on their scatter to low CO 2 /Nb ratios (Fig. 2) . Understanding the controls on CO 2 -trace element systematics is therefore vital for assessing if mantle CO 2 /trace element ratios are reflected in basalts.
The role of mixing in generating trace element systematics
Near-fractional melting of the mantle is expected to generate melts with diverse trace element chemistry. Although considerable variation in trace element concentrations is found in some melt inclusions suites (e.g. Sobolev et al., 1994) , it is still significantly less than the diversity predicted from models of fractional melt generation (Kelemen et al., 1997a; Maclennan et al., 2003) . In more evolved basaltic matrix glasses, very little variation is preserved (Maclennan, 2008) . This decrease in variability with melt evolution has been understood in terms of concurrent mixing and crystallisation (Sobolev, 1996; Maclennan, 2008; Shorttle et al., 2016) . The mixing process can efficiently dilute the most incompatible trace-element enriched, and therefore CO 2 enriched, fractional melts prior to melt inclusion entrapment even in primitive olivine macrocrysts.
Simple statistical models of melt mixing have been able to reproduce many of the observed chemical systematics of melt inclusion and glass suites (Rudge et al., 2013; Shimizu et al., 2016; Shorttle et al., 2016) . These models utilise the properties of the Dirichlet distribution to model the geochemical consequences of Rosenthal et al. (2015) . The black lines and circles in panels c and d show how a 10% uncertainty in Ba or Nb concentration could cause a spurious negative correlation to develop, this effect is much smaller than the signal shown by the datasets. Error in CO 2 measurements will cause vertical displacement of the data points only.
progressive mixing of mantle melts. We build upon such models here, applying them to the creation of volatile element variability in mantle-derived melts and the destruction of this variability by mixing and degassing in the crust.
Modelling concurrent mixing and degassing
The model comprises three sequential processes, summarised in Fig. 3 . Firstly, a melting model for passively upwelling mantle is used to generate the masses and chemistry of fractional melts for a typical mid-ocean ridge (Section 2.1, Fig. 3a) . These melts are then placed at a pressure corresponding to magma storage in the crust, and melts that are oversaturated in CO 2 degas until they are in equilibrium (Section 2.2, Fig. 3b) . Finally, the melts are partially mixed (Section 2.3, Fig. 3c ). We do not attempt to model fractional crystallisation since the melt inclusions preserving primary CO 2 /Nb and CO 2 /Ba ratios represent the most primitive melts.
Melting model
To generate the fractional melts used in the mixing and degassing model, we first calculate the melt fraction extracted, X , as a function of pressure for passively upwelling mantle using the parameterisation of lherzolite melting by Katz et al. (2003) . We set the mantle potential temperature to 1318 • C, a temperature appropriate for normal mid-ocean ridges (Matthews et al., 2016) , and cease melting once the base of the crust is reached. A pressure, P , decrement of 0.006 GPa is used during numerical integration of the melting equations. For computational convenience we then remap the results of these calculations from X(P ) to P (X), in steps of equal melt fraction increment (0.01%) using linear interpolation.
The trace element chemistry of the generated melts is calculated assuming near fractional melting, modelled with the equation:
(1− )D+ , (Zou, 2007, equation (3.7) ), where C l and C 0 are the concentrations of the trace element in the liquid and original solid, D is the partition coefficient (for simplicity assumed independent of pressure), is the residual melt fraction, and X is fraction of extracted melt. The concentrations of trace elements initially in the solid are set to those in 'Average DMM' of Workman and Hart (2005) . The liquid compositions are calculated assuming = 0.5% by mass and Ds appropriate for typical melting conditions of lherzolite (Workman and Hart, 2005) . Initial CO 2 concentrations in the melts are calculated in the same manner, assuming a bulk partition coefficient of 5.5 × 10 −4 (Rosenthal et al., 2015) and a CO 2 /Ba ratio in the solid of 140, except where noted otherwise.
In these calculations we consider melt generation from a single chemically homogeneous lithology. Though there is evidence for heterogeneity in the depleted mantle, the contribution of melts from heterogeneous domains is likely small (Hirschmann and Stolper, 1996; Matthews et al., 2016) . Furthermore, we find melting of a single homogeneous source reproduces the observed CO 2 -trace element systematics adequately. In Appendix C we demonstrate how varying some of the constants used in the melting model affects the statistics described in Section 3.
Degassing model
Once mantle melts have been generated, they may be transported upwards through the mantle in high porosity channels, allowing much of the geochemical variability arising from the melting process to be retained (Spiegelman and Kelemen, 2003) . At depths where the melt fraction is not sufficient for high porosity melt channels to form, the melts may become homogenised (Rudge et al., 2013) , though this process has only a minor effect on the conclusions drawn here (Appendix A).
Melts can only be preserved in melt inclusions once they have begun to crystallise. Structural and geochemical observations from the Oman ophiolite (Boudier et al., 1996; Kelemen et al., 1997b) , and magma storage pressures derived from OPAM and clinopyroxene-melt barometry performed on samples from the Icelandic rift zones and mid-ocean ridges (Maclennan et al., 2001; Herzberg, 2004; Winpenny and Maclennan, 2011; Neave and Putirka, 2017) , indicate that crystallisation in oceanic rift settings begins beneath the Moho and proceeds to low pressure. This process is shown schematically in Fig. 3a .
The pressure of MORB crystallisation will have a major control on how much of mantle-derived CO 2 variability is preserved in melt inclusions, as pressure is the primary control on CO 2 solubility in basaltic melts (Moore, 1979; Dixon et al., 1995) . At the pressures associated with magma storage and crystallisation, even at the Moho, the melts most enriched in CO 2 are likely to be CO 2 -oversaturated. An oversaturated melt will tend to return to saturation by degassing CO 2 (Fig. 3b) . To quantify the solubility of CO 2 in the melts, and therefore their variable extents of degassing, we use the solubility model of Shishkina et al. (2014) . In addition to modelling the pressure dependence of CO 2 solubility, Shishkina et al. (2014) also quantify the effect of the major element composition of the melt, through a parameter they call π * . To retain simplicity in our models we set π * to a constant value of 0.34, typical of mid-ocean ridge tholeiites. In detail, π * will correlate with trace element concentration, even in melts from a single-lithology mantle, as melt major element chemistry correlates with depth and degree of melting (Klein and Langmuir, 1987) . A variable π * is, however, a secondary effect to the melting and mixing processes we incorporate in our model. We also assume that melts do not retain supersaturation, which means that our results are conservative estimates for the effect of degassing on preserved CO 2 -trace element ratios as some degree of supersaturation is required to drive bubble nucleation (e.g., Bottinga and Javoy, 1990) .
A single pressure is chosen for each run of the model, corresponding to the magma storage depth. Melts that have a saturation pressure lower than this retain their initial CO 2 concentration. The most enriched melts may reach CO 2 saturation at greater pressures than the crustal depths used in the models, and therefore may begin degassing before the single degassing stage used in the model.
Since CO 2 solubility monotonically decreases with decreasing pressure, even if these melts lose CO 2 during transport they will in all likelihood still arrive oversaturated in CO 2 at the pressure of magma storage. Degassing during transport will never cause the melts to lose more CO 2 than they would during a single (efficient) degassing interval at the pressure of magma storage. The melts are likely to continue mixing and crystallising as they travel upwards through the crust, and therefore may experience many episodes of degassing followed by mixing. Since the melt inclusions that are most likely to preserve mantle CO 2 /Ba or CO 2 /Nb values are entrapped at the first stage of crystallisation and then remain isolated from the melt, we do not consider subsequent mixing or degassing.
Mixing model
The final step in our model is the mixing of the partially degassed melts generated in the previous two steps (Sections 2.1 and 2.2), shown schematically in Fig. 3c . In making this the last stage of the model, we are implicitly assuming the timescale of degassing, controlled by bubble nucleation, is faster than the timescale of mixing. We follow the statistical mixing methodology used by Rudge et al. (2013) to model the partial mixing process. Rudge et al. (2013) utilise the properties of the Dirichlet distribution, in particular it has very strong independence properties, meaning that all melts are treated equally according to their relative proportions, denoted as ω i . A comprehensive description of the model is given by Rudge et al. (2013) , and so we provide only a summary here.
A mixed melt of composition Ĉ is generated by randomly mixing m melt compositions entering the crust, C (i) , according to their
where the hats on Ĉ and r i indicate that they are random variables. The mean composition of the melts entering the crust is fixed by the mass proportion of each melt present, ω i :
therefore, to conform with mass balance the expectation value for the proportions of melts going into a mixture, r i , is given by:
Formally, the proportions that the melts are mixed with are distributed according to a Dirichlet distribution with parameters:
where α i is related to the mixing parameter, N, by:
N can range from unity, representing no mixing, to ∞, representing complete mixing. Melts are weighted by ω i values corresponding to a triangular melting region, i.e. the deepest melts have a greater weighting than more shallow melts. Maclennan (2008) showed that melts in Iceland become increasingly mixed as crystallisation proceeds and the melts become more evolved; Rudge et al. (2013) successfully modelled this by varying the mixing parameter from 12, for the most primitive melts, to 108 for the most evolved. In the models presented here we use a constant mixing parameter of 16, typical of the earliest stages of crystallisation. The effect of the mixing parameter on our results is discussed in Appendix B.
Correlations between CO 2 and trace elements are a primary consideration of this contribution. The properties of the Dirichlet distribution allow calculation of the variance of individual elements, the covariance of two elements, and from these the Pearson correlation coefficient (Rudge et al., 2013) . For melts from a single lithology, as modelled here, the variance of a single element, Ĉ (1) , is given by:
and the covariance of two elements, Ĉ (1) and Ĉ (2) , by:
The Pearson correlation coefficient between two elements can be expressed as:
since the mixing parameter, N, cancels, the correlation coefficient between two elements is independent of degree of mixing, assuming the remaining range in the element concentrations is significantly above the level of analytical uncertainty. Whilst it is the correlation between CO 2 and trace elements that has been used to assess the behaviour of CO 2 during melting (and whether it has subsequently degassed), the calculation of the mantle CO 2 concentration assumes direct proportionality between the CO 2 concentration and CO 2 /trace element (El) ratios. The behaviour of CO 2 /trace element ratios are therefore also of interest. Unfortunately, simple analytical expressions for the variance, covariance and correlation of element ratios at low degrees of mixing do not exist, but can be calculated by drawing a large number of samples from the Dirichlet distribution. Since the variance of a single element ratio and the covariance of two ratios do not depend on the mixing parameter, N, in a simple way, the correlation coefficient between element ratios is also a function of mixing parameter (as shown in Appendix B).
Mixing systematics
Before applying the mixing model, qualitative inferences may be drawn about the covariance and correlation between CO 2 and trace elements by considering mixing arrays between end member fractional melts. Firstly, the simplest case is characterised: the correlation between CO 2 and a trace element that behaves identically to CO 2 prior to CO 2 vapour saturation (Section 3.1). This approach is then generalised to the correlation between CO 2 and trace elements with differing compatibility during melting (Section 3.2). Finally, to quantify the correlations between CO 2 and trace elements, the Dirichlet mixing scheme is introduced in Section 3.2. The implications of mixing for apparent similarities in behaviour of CO 2 and trace elements are discussed in Section 3.3. In Section 3.4 the control degassing pressure exerts on the resulting CO 2 -trace element correlations is explored.
Identical CO 2 -trace element partitioning
If a trace element behaves identically to CO 2 during mantle melting and crustal differentiation (prior to CO 2 saturation), concentrations in fractional and variably differentiated melts will describe a straight line passing through the origin when plotted against CO 2 concentration (Fig. 3a) . The most enriched of these fractional melts will be oversaturated in CO 2 vapour at crustal pressures, and therefore will degas CO 2 until they reach CO 2 saturation (Fig. 3b) . This degassing process causes the CO 2 concentrations of the most enriched melts to be decoupled from the trace element concentrations, whilst the depleted melts are unaffected.
Mixing of fractional melts may only produce melt compositions lying within the extremes of the unmixed fractional melts. These bounds may coincide with the arrays of primary fractional melts, otherwise they correspond to mixing lines between extreme compositions (Fig. 3c) . Melts generated by mixing of these fractional melts must therefore lie within the green-shaded area on Fig. 3c . When melts originally at CO 2 vapour saturation mix with undersaturated melts, the mixed melts will become undersaturated, since we do not allow π * to vary. Mixed melts lying within this triangle will define a positive correlation, with an average CO 2 /El ratio that will be considerably lower than the mantle CO 2 /El ratio. In the next Section, we explore how differing trace element behaviour affects this observation, and in Section 3.4 we show that the average CO 2 /El ratio, even for correlated CO 2 -El datasets is controlled primarily by the pressure of degassing.
Though the compositional limits of near-fractional melt mixing can be determined very simply using the process described above, the space enclosed by these limits is not inhabited with uniform likelihood. For extents of melting expected at mid-ocean ridges (≤15%), most melts are produced at high melt fractions once the residual mantle has already been almost entirely stripped of incompatible trace elements. Due to the overwhelming proportion of depleted fractional melts, mixed melt compositions are biased towards the depleted region. In the Section 3.2 we quantify this phenomenon with the Dirichlet mixing model.
Generalised CO 2 -trace element partitioning
The methodology developed in the preceding section can be generalised to elements with differing compatibilities to CO 2 . The primary melts, rather than falling on a straight array, now define a curve (Fig. 4a) . Little change from the identical partitioning case is seen for trace elements behaving more incompatibility than CO 2 , this is due to the residual porosity retained throughout melting, which damps variability in extracted melts when D El < φ. In addition to the systematics in trace element (El)-CO 2 space, we also show the behaviour in CO 2 /El-El space (Fig. 4b) , and CO 2 /El-1/El space (Fig. 4c) . Fig. 4b may be compared with the data compilation in Fig. 2 ; plotting CO 2 /El ratios against 1/El concentrations offers the advantages of linear mixing bounds and an expansion of the region containing maximum CO 2 /El observations (the depleted melts; Fig. 4c ).
The green shading in Fig. 4 shows the logarithmic probability distribution of mixed melts, demonstrating that they are biased towards the depleted region of the space, as discussed in Section 3.1. It is immediately apparent from Fig. 4a that positive correlations between CO 2 and trace elements are generated from partially degassed melts. Importantly, the greatest population density of these melts is seen in a narrow array, similar in appearance (but not gradient) to the expectation from a suite of undegassed melts. This feature persists in spite of the broad mixing bounds (green and blue lines) defined by mixing of endmember melt compositions. The gradient of this array is lower than the CO 2 /El ratio of the source (Fig. 4b and Fig. 4c ) and the average CO 2 /El ratio is much lower than the source CO 2 /El ratio (horizontal grey line), although the maximum of the probability distribution does tend towards the source value. In fact, the maximum of the distribution can exceed the source CO 2 /El it if the trace element is more incompatible (Fig. 4bi) , or much more compatible (Fig. 4biv) than CO 2 . These two scenarios are distinguished from one another by the relation of maximum CO 2 /El to El concentration: in the D El D CO 2 case, CO 2 /El of the melts exceeds the source in the most incompatible trace element depleted melts, whereas for D El D CO 2 case, the most incompatible trace element enriched melts have CO 2 /El greater than the source. We discuss the implications of this for identifying mantle CO 2 /El values in Section 4.3.
CO 2 /El ratios in melts will only reflect the trace element ratio of the source if CO 2 has not been fractionated from the trace element. Degassing very strongly fractionates CO 2 from all trace elements in melts that are oversaturated at the pressure of magma storage, and significantly reduces the CO 2 /El ratio of the most enriched melts. Subsequent mixing between the high, primary, CO 2 /El ratio of the trace element depleted endmember with the low, degassed, CO 2 /El ratio of the trace element enriched endmember, tends to generate negative correlations in CO 2 /El-El space (Fig. 4bi-iii) and positive correlations in CO 2 /El-1/El space (Fig. 4ci-iii) . Only for the most compatible elements is the original pre-degassing positive correlation of the CO 2 /El-El array, or negative correlation for the CO 2 /El-1/El array, retained ( Fig. 4biv and Fig. 4civ ). Sufficient concentrations of more compatible elements persist in the residue during melting such that many of the higher degree primary melts continue to have significant compatible trace element concentrations, whilst having a primary depletion in CO 2 . These moderately enriched melts do not saturate in CO 2 vapour and so retain their primary CO 2 /El ratio and therefore continue to provide an enriched high CO 2 /El mixing endmember.
Since degassing exerts a control on the systematics of data plotted in CO 2 /El-1/El space, this behaviour can be used to check for and track any degassing processes that a dataset has experienced. Workman and Hart (2005) and Rosenthal et al. (2015) . The dashed lines indicate the effect of garnet in the source: trace element concentrations are calculated using the alphaMELTS frontend (Smith and Asimow, 2005) for the pMELTS thermodynamic model (Ghiorso et al., 2002) using variable bulk partition coefficients calculated from constant mineral-melt partition coefficients O'Nions, 1991, 1995) . CO 2 concentrations were calculated by assuming identical behaviour to Ba. The calculation was run in the CFMAS-Ti system with the depleted mantle composition of Workman and Hart (2005) , starting at a temperature of 1500 • C at pressure of 30 kbar (sufficient for garnet to be the stable aluminous phase at the start of melting), and stopped at 2.5 kbar. The trace elements are plotted at the partition coefficients given by Workman and Hart (2005) . Panel b shows the Pearson correlation coefficient between CO 2 /El and 1/El for the Equatorial Atlantic dataset (Le Voyer et al., 2017) and the Siqueiros dataset (Saal et al., 2002). To quantify this behaviour the Pearson correlation coefficient may be used. A coefficient value of 0 indicates no correlation and values of −1 and +1 indicate perfect negative and positive correlations, respectively. The value of the coefficient for the mixed distributions shown in Fig. 4 is displayed in the top right-hand corner of each panel. Fig. 5 shows how correlations in CO 2 -El-1/El space vary with degassing pressure and trace element partitioning coefficient. When there is no degassing (black line), the transition between positive and negative correlations is rapid, and occurs when the trace element switches from being infinitesimally more incompatible, to infinitesimally more compatible than carbon. When partial degassing has taken place a much smoother transition is seen, and correlations cross from negative to positive at progressively greater trace element partition coefficients as the pressure of degassing decreases. Positive correlations are generated by having many low CO 2 /El melts at low 1/El (Fig. 4c) , these are the most degassed and incompatible trace element enriched melts. As degassing pressure decreases a greater number of melts degas, and the CO 2 they retain decreases; the positive correlation will tend to be enhanced. Neg- ative correlations are generated by decoupling between CO 2 and El during melting and so are most prevalent for the most compatible elements. The partition coefficient at which the transition from positive to negative correlation occurs is determined by the competition between these two effects, the tendency to observe a positive correlation in CO 2 /El vs. 1/El space increases with decreasing degassing pressure. The model also makes predictions about the variance in CO2/El with El concentration, however existing datasets do not contain sufficient analyses to accurately estimate these parameters and allow us to test the model.
Apparent mantle partitioning behaviour from CO 2 -trace element correlations
Empirical constraints have been placed on the partitioning behaviour of CO 2 during mantle melting by the degree of correlation between CO 2 and trace elements (Saal et al., 2002; Michael and Graham, 2015; Le Voyer et al., 2017) . Saal et al. (2002) and Michael and Graham (2015) find the strongest correlation between CO 2 and Nb, whilst Le Voyer et al. (2017) find CO 2 correlates equally well with Rb, Ba and Nb. Such relationships between carbon and trace elements only directly reflect mantle partitioning behaviour if no degassing has occurred, with the results above showing that positive correlations are readily generated in partially degassed melts (Fig. 4) .
The behaviour of the correlation coefficient between CO 2 and trace elements as a function of partition coefficient is displayed in Fig. 6 . When there is no degassing, CO 2 correlates extremely well with the most incompatible elements; the lack of variation in correlation coefficient for the most incompatible elements arises from the residual porosity during melting (i.e., our use of a continuous melting model as opposed to pure fractional). The correlation coefficient between CO 2 and trace elements then decreases with increasing trace element compatibility (Fig. 6, black line) .
In contrast, when partially degassed melts are mixed, the correlation coefficient does not decrease monotonically as the reference trace element becomes increasingly compatible. Instead, mixing of degassed melts creates a maximum in correlation coefficient centred on a higher (i.e. more compatible) partition coefficient than CO 2 (Fig. 6 ). This pattern is also present in the synthetic data presented in Fig. 4aiii , which shows data lying within a tight wedge. This result owes to a smaller range in trace element concentrations being generated when the trace element D is high. Model runs shown in Fig. 7 , where CO 2 is plotted against Ba, and Fig. 8 , where CO 2 is plotted against Nb, show how better correlations may be developed between CO 2 and Nb, rather than CO 2 and Ba, despite the carbon partition coefficient used in the models being closer in value to Ba (Rosenthal et al., 2015) .
Effect of degassing pressure
The CO 2 /El ratios of the melts generated by the model are controlled by mixing between a trace element depleted, but high, primary, CO 2 /El endmember, and a trace element enriched, but low, degassed, CO 2 /El endmember. The value of the low CO 2 /El endmember is determined by the CO 2 content of the melts at saturation, which is controlled by pressure. Reducing the pressure of degassing has the effect of rotating the array in CO 2 -trace element space to shallower slopes ( Fig. 7 and Fig. 8) .
The mantle CO 2 /Nb ratio has often been constrained by fitting a line through the data in CO 2 -trace element space. This process should be carried out using orthogonal distance regression, since neither variable is strictly dependent. We fit an equation of the form:
where El is the concentration of the trace element, and m is varied so that the misfit between CO 2 and f (El) is minimised. The parameter m corresponds to the best fit CO 2 /El ratio. Calculations were performed using the ODRPACK library (Brown and Fuller, 1990) with the SciPy interface (Jones et al., 2014) . The results of these calculations are shown by the red dashed lines in Fig. 7 and Fig. 8 , and the values of the best fit CO 2 /El ratio are shown in the top right corner of each panel. Any amount of degassing reduces the CO 2 /El ratio inferred by this method, despite an apparently good fit to the data in CO 2 -trace element space. As the number of draws from the distribution increases, the best fit ratio will tend towards the mean ratio of the starting melts.
Effect of analytical uncertainty
Using plots where one variable appears in the expressions plotted on both x and y axes can lead to the appearance of spurious correlations (Jackson and Somers, 1991) . Analytical error in El concentration will not only affect the concentration of El (or 1/El) plotted on the x axis, but also the value of CO 2 /El plotted on the y axis. Measurements of trace element and CO 2 concentrations in melt inclusions generally have uncertainties ∼10% (Saal et al., 2002; Le Voyer et al., 2017) , the vector that describes the effect of this uncertainty is shown by the black lines and circles in Fig. 2c and 2d. In the datasets considered here the signal is much greater than the analytical uncertainty.
Implications for existing datasets
In Section 3.2 we demonstrated that positive correlations between CO 2 and trace elements are not a unique property of undegassed melts. Published datasets that have utilised the presence of CO 2 -trace element correlations as a criterion for identifying the absence of degassing must, therefore, be reassessed.
Signatures of partial degassing in nominally undegassed sample suites
Since degassing only affects the melts that have the highest concentrations of CO 2 , additional structure is introduced into the data: rather than almost horizontal arrays in CO 2 /Ba-Ba space, partially degassed melts will exhibit negative correlations. Fig. 2c demonstrates that the data from Siqueiros, Northern Iceland, Equatorial Atlantic and the undersaturated D-MORB glasses all exhibit these negative correlations between CO 2 /Ba and Ba. Furthermore, if CO 2 has not degassed prior to inclusion entrapment, the correlation coefficient between CO 2 /El and 1/El should reverse sign as trace elements go from being more incompatible to more compatible than CO 2 during melting (Fig. 5) . The data from both Siqueiros Fig. 8 . Each panel displays the CO 2 -Nb systematics generated by mixing melts degassed at different pressures (shown in bar, in the upper right corner). As the degassing pressure decreases, the array of melt compositions rotates to lower CO 2 /Nb, but with better correlations than seen for CO 2 and Ba (Fig. 7) . Histograms of mixed melt density shown on the right-hand side. The shading indicates density of data. The thick grey line shows the CO 2 /Nb ratio of the source mantle (531), and the red-dashed line the CO 2 /Nb ratio obtained by orthogonal distance regression on the mixed melts (also shown in the top right hand corner of each panel). The CO 2 concentration in the mantle source is identical to that used in the calculations shown in Fig. 7 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article. ) and Equatorial Atlantic retain a positive correlation far beyond the experimental CO 2 partition coefficient (Rosenthal et al., 2015) , and beyond Nb which CO 2 has been likened to empirically (Saal et al., 2002) . This decoupling between the apparent partition coefficients of CO 2 and trace elements in all these datasets also suggests that they have experienced partial degassing.
At higher values of trace element D, the correlation coefficients between CO 2 /El and 1/El calculated from the published data departs from the predicted behaviour (Fig. 5b) . This departure is likely to arise from the behaviour of these elements during garnetfield melting or fractional crystallisation. When garnet is in the residue, the bulk partition coefficients during mantle melting increase significantly. This variation can be modelled with the alphaMELTS frontend (Smith and Asimow, 2005) to the pMELTS thermodynamic model (Ghiorso et al., 2002) , and the resulting correlations are shown in Fig. 5 (dashed lines, calculation details given in figure caption). Garnet-field melting can account for this discrepancy, though we do not rule out the role of fractional crystallisation.
The undersaturated glass dataset, shown in Figs. 1 and 2 , displays CO 2 co-variation with both Ba and Nb; additionally, and a negative correlation between CO 2 /Ba and Ba. These properties are consistent with the partial degassing and mixing model despite the dataset not representing co-genetic melts. The partial degassing and mixing process may still be controlling the systematics of this dataset if the glasses are derived from melts sampling sources with the same CO 2 /Ba, but with different proportions of low and high degree melts, and mixing occurring at similar pressures. Whilst this uniformity is not ubiquitous in the global mid-ocean ridge system, it may well be present when only undersaturated glasses are considered. Alternatively, varying mantle Ba concentration, at near-constant CO 2 concentration, could generate the observed covariation between CO 2 /Ba and Ba concentrations in the glasses.
Previous studies have interpreted melt inclusions from the Siqueiros fracture zone to be near primary melts, having undergone negligible mixing and fractionation within the crust (Perfit et al., 1996) . However, the CO 2 -trace element systematics are difficult to explain without the partial degassing and mixing processes. The Siqueiros melts are very depleted in trace elements. Furthermore, whilst the trace element data might be matched by batch melting models, it does not preclude their origin from mixing of more variable fractional melts. U-Series disequilibria provide support for fractional melting, indicating that Siqueiros fracture zone melts segregated from their residue at small porosities in a process that must therefore have been near-fractional (Lundstrom et al., 1999) . Recent seismic evidence suggests axial magma chambers are present beneath ultra-slow spreading ridges (Jian et al., 2017) . Therefore, despite the lower rates of magma supply, these slow spreading systems nonetheless retain melt that new primitive magmas may interact with during their transport and storage in the crust.
Global mantle CO 2 heterogeneity
Substantial heterogeneity in the CO 2 /Nb and CO 2 /Ba ratios of the depleted mantle has been inferred from the variation in averages of these ratios, obtained by fitting lines though data in CO 2 -Ba and CO 2 -Nb space from Siqueiros, Northern Iceland and the Equatorial Atlantic. For the reasons outlined above, the inclusions measured in these studies are all likely to be preserving partially degassed melts. When partial degassing and mixing has taken place the apparent ratio in CO 2 -Ba and CO 2 -Nb space is determined not by the primary mantle ratios, but by the degassing pressure (Section 3.4). Instead, the best estimate of mantle CO 2 concentration comes from the maximum ratio CO 2 /Ba ratio recorded by the most trace element depleted melts in the dataset; these melts are the most likely to have remained CO 2 Fig. 9 . Contours of the minimum number of analyses required to get at least one analysis (in all of 500 model runs) recording a CO 2 /Ba ratio within 10% of the mantle value, as a function of degassing pressure and mantle CO 2 /Ba ratio. Contours are spaced at intervals of 10 analyses. In panel a the melting model described in Section 2.1 is used and is appropriate for the comparison to the Equatorial Atlantic dataset (Le Voyer et al., 2017) , which contains 21 melt inclusion analyses, indicated by the thick red dashed line. Panel b uses a similar melting model, but with a mantle Ba concentration typical of the D-MORB source (Workman and Hart, 2005) , and is appropriate for comparison with the Siqueiros dataset (Saal et al., 2002) , which contains 97 analyses. In both panels the mixing parameter is set to N = 16. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) undersaturated (Section 3.2). The maximum CO 2 /Ba ratios observed in melt inclusions from Siqueiros and Northern Iceland, and the undersaturated D-MORB glasses, are all ∼140 (with a maximum value of 146). If this observed maximum ratio is close to the real maximum of the distributions of mixed melts, then it suggests all three datasets are consistent with a single depleted mantle CO 2 /Ba ratio. Furthermore, apart from one extreme outlier, the maximum CO 2 /Ba ratios in melt inclusions from Axial Seamount (Helo et al., 2011) and Gakkel Ridge (Shaw et al., 2010; Wanless et al., 2014) are consistent with this ( Fig. 1) . In contrast, the maximum CO 2 /Ba ratio observed in the Equatorial Atlantic melt inclusions is 107. This could be reconciled either by the Equatorial Atlantic dataset not adequately characterising the maximum CO 2 /Ba ratio in the distribution, or by localised mantle CO 2 /Ba heterogeneity as might be expected given the presence of Ba/Nb heterogeneity in the MORB source (Michael and Graham, 2015) . Though small-scale mantle heterogeneity has been observed in both the MORB and Iceland mantle sources, linking this to volatile elements such as carbon is intrinsically difficult owing to a bias in preserving the CO 2 /Ba ratios of only the most depleted melts.
An alternative possibility to the model we have developed here is that diversity in melt CO 2 /Ba and CO 2 /Nb arises from mantle CO 2 /Ba and CO 2 /Nb heterogeneity. Melting of such a heterogeneous mantle must produce both a high CO 2 /Ba, low Ba component, and a low CO 2 /Ba, high Ba component. For the observed negative correlations between CO 2 /Ba and Ba to be generated, a low CO 2 /Ba, low Ba component cannot be involved in mixing. However, generating such melts is a natural consequence of melting mantle heterogeneities beyond the smallest of melt fractions, at which point even enriched lithologies are depleted in highly incompatible elements such as Ba. Therefore, mantle heterogeneity alone is highly unlikely to account for the observed correlations.
Constraining mantle CO 2 /Ba
In a partially degassed dataset, the CO 2 /Ba measurement most likely to represent the mantle CO 2 /Ba ratio is the maximum ratio observed. A disadvantage of utilising maxima in geochemical datasets is that they are strongly dependent on sample size. For melts to preserve high CO 2 /Ba they must have minimal interaction with degassed melts. Depending on the diversity of melts entering magma storage regions, only a small proportion of melts may retain their primary CO 2 /Ba. It is therefore most pragmatic to consider the likelihood of melts retaining a CO 2 /Ba ratio within 10% of the mantle value. Fig. 9 shows the minimum number of melt inclusion analyses (or here, Dirichlet distributed draws from a population of synthetic melts) required for the maximum CO 2 /Ba ratio measured to be within 10% of the mantle value (with >99.8% certainty), for a melting column typical of normal mid-ocean ridges. Since Siqueiros has been identified as sampling ultra-depleted mantle, Fig. 9b demonstrates how the minimum number of analyses changes if trace element concentrations are more depleted in the mantle source (Workman and Hart, 2005) . At constant source CO 2 /Ba ratio, a source more depleted in trace elements will produce melts that are, on average, less CO 2 rich, and therefore more likely to retain their primary CO 2 /Ba ratio. The number of analyses required increases as degassing pressure decreases and mantle CO 2 /Ba increases; both these changes cause the proportion of melts degassing CO 2 to increase, therefore increasing the likelihood of an undegassed melt mixing with degassed melt and thus erasing the signal of primary CO 2 /Ba from the population of melts. In addition, the value of the mixing parameter will affect the position of the contours in Fig. 9 , with greater degrees of mixing making observing mantle CO 2 /Ba less likely. Making large numbers of analyses on melt inclusions trapped at high pressure offers the greatest prospect of observing the mantle CO 2 /Ba ratio.
Both the Borgarhraun and Siqueiros datasets consist of around 100 melt inclusion analyses each (Fig. 9a) . Provided these inclusions were trapped at sufficient pressure, the maximum CO 2 /Ba they record is likely to be very close to the mantle value. However, the Mid-Atlantic dataset consists of 21 melt inclusion analyses only (Fig. 9a) . Barometry indicates crystallisation takes place at pressures as high as 10 kbar beneath the Mid-Atlantic ridge, though erupted liquids predominantly equilibrate at lower pressures (Herzberg, 2004) . If the Mid-Atlantic dataset is also sampling a mantle of CO 2 /Ba = 140, Fig. 9 suggests the maximum observed CO 2 /Ba ratio will only preserve the mantle value if inclusions were entrapped at the deepest extents of crystallisation (>8 kbar). Therefore, the Mid-Atlantic dataset may also be consistent with a mantle CO 2 /Ba ratio of 140.
Assuming a Ba concentration in the depleted mantle of 0.563 ppm (Workman and Hart, 2005) , a CO 2 /Ba ratio of 140 ppm implies a mantle CO 2 content of 79 ppm, more than double that inferred by Workman and Hart (2005) from the canonical CO 2 /Nb ratio (Saal et al., 2002) . Rosenthal et al. (2015) reach a similar conclusion, and also discuss the likely CO 2 content of mantle melting beneath intra-plate volcanoes.
Origin of CO 2 undersaturation
Both the Siqueiros melt inclusions and undersaturated midocean ridge glass datasets record CO 2 concentrations that are undersaturated at the pressure of eruption, and the CO 2 concentrations present in the Equatorial Atlantic dataset would be undersaturated at during crystallisation within the oceanic crust. This CO 2 undersaturation has been used as further evidence for the absence of degassing (Saal et al., 2002; Michael and Graham, 2015) . Though the mixing-degassing model requires some of the fractional melts to become CO 2 saturated, they subsequently mix with highly CO 2 undersaturated melts, resulting in all melts becoming undersaturated at the pressure of degassing (Fig. 7) . If a sufficient mass of depleted melts are present, this undersaturation may be retained at the pressure of eruption, as in the Siqueiros and undersaturated mid-ocean ridge glass datasets, even with mixing in of enriched low CO 2 /En melts having occurred.
Conclusions
CO 2 concentrations in melt inclusions provide an important constraint on global CO 2 flux from the mantle at mid-ocean ridges and ocean islands and are vital for assessing CO 2 heterogeneity in the mantle. Melt inclusion datasets are a key petrological tool for addressing these problems, and in this study we have formalised the robustness of the melt inclusion archive to the common magmatic processes of mixing and degassing.
We have identified how trace elements co-vary with CO 2 in melts, following mixing of trace element depleted CO 2 undersaturated melts with trace element enriched CO 2 saturated melts. We show that when degassing occurs, CO 2 may have a stronger correlation with Nb, even if its partitioning behaviour during melting is more similar to Ba (Rosenthal et al., 2015) . We find that the average CO 2 /Ba ratio in a melt inclusion dataset is dominated by the pressure of degassing, rather than the mantle CO 2 /Ba ratio.
The best estimate of mantle CO 2 /Ba ratio is, instead, the maximum CO 2 /Ba ratio observed.
Comparison of the model results with CO 2 -undersaturated D-MORB glasses (Michael and Graham, 2015) , and melt inclusion datasets from Northern Iceland , Siqueiros (Saal et al., 2002) and the Equatorial Atlantic (Le Voyer et al., 2017) , suggests these datasets all record CO 2 concentrations generated by mixing of partially degassed melts (Section 4). We argue that the available datasets are all consistent with a depleted mantle CO 2 /Ba of ∼140, and do not require heterogeneity in mantle CO 2 /Ba.
The role of mixing in the generation of melts trapped in melt inclusions has been neglected in the interpretation of CO 2 concentrations, leading to underestimation of the CO 2 content of the mantle and inferences of CO 2 heterogeneity. Despite the likely presence of partial degassing in all melt inclusion datasets, fully characterising the maxima of CO 2 /Ba values by making many melt inclusion analyses may allow the mantle CO 2 /Ba ratio to be extracted from the data. Subject to the assumptions of our simple melting and mixing models, we can estimate the likelihood of recovering mantle CO 2 /Ba in melt inclusion datasets, a result which is useful in preparing analytical studies.
Appendix A. Effect of homogenisation during transport on CO 2 -trace element systematics Soon after mantle crosses the peridotite solidus, the melt fraction will be low and the high porosity melt channels, thought to be critical in preserving primary melt variability, may be yet to form. Melts may therefore homogenise at these depths, Rudge et al. (2013) find such a process is required for subsequent melt mixing to produce the binary isotope arrays observed in Iceland.
The effect of this process, with varying homogenisation depth, is shown in Fig. A.1 . As the homogenisation depth increases more melts are mixed together, and the variability of the melts entering the crust is reduced. At the greatest extents of homogenisation (Panels e and f), the extremely high concentrations of CO 2 in the deepest melts is sufficiently diluted by the addition of shallower melts that CO 2 saturation is no longer reached; the melts preserve the mantle CO 2 /Ba ratio. At more modest extents of homogenisation (Panels c and d), the variability in CO 2 concentration has been removed, but the deepest melts are not sufficiently diluted that they do not saturate in CO 2 in the crust; binary mixing now takes place between a trace element enriched degassed melt, and an extremely depleted undegassed melt, and the mantle CO 2 /Ba ratio is not preserved. When only limited homogenisation takes place (Panel b), the variability of melts is reduced but not sufficiently for a binary mixing array to be produced; the scatter about the average ratio is considerably less than the unhomogenised case (Panel a), however.
Since binary mixing arrays in CO 2 -trace element space are not observed in the published datasets, it is likely that only limited homogenisation has taken place. Small amounts of homogenisation do not change the results or conclusions of this paper.
Appendix B. Effect of mixing parameter on CO 2 -trace element systematics
The effect of the mixing parameter on the distribution of data in CO 2 -trace element space in shown in Fig. B.1 . As the mixing parameter increases, the array condenses towards the most depleted melts. A small change in the best fit ratio is seen in Fig. B .1, however this is due to having insufficient draws from the distribution to characterise the mean ratio accurately. As the number of analyses increases the best fit ratio will tend towards the mean ratio, regardless of mixing parameter. The smaller the degree of mixing, the more likely it is for the mantle CO 2 /Ba ratio to be preserved, shown by the number of points lying on the grey line in Fig. B. 1. The general systematics described in the main text are not affected by small changes in the mixing parameter. Estimates of the minimum number of analyses required to observe mantle CO 2 /Ba ratios (Section 4.3) will be sensitive to this however, and so these results should be used with care.
Appendix C. Sensitivity of Pearson correlation coefficient to other parameters
As described in the main text, degassing has a dramatic effect on the behaviour of the Pearson correlation coefficient between CO 2 /El and 1/El, moving the change from positive to negative coefficient towards higher trace element partition coefficient. The pressure at which degassing takes place is a major control on where this transition happens, and the magnitude of the correlation coefficients either side. These properties of the correlation coefficient are not controlled uniquely by degassing pressure however, Fig. C.1 demonstrates how the mixing parameter, source CO 2 concentration, the residual porosity during melting and homogenisation during transport (Appendix A), affects the behaviour of the correlation coefficient. Plots of this type are therefore useful for qualitatively identifying the presence of degassing, but cannot be used to extract degassing pressure quantitatively.
